The rotational performance of high-precision rolling bearings is fundamental to the overall accuracy of complex mechanical systems. A nano-level instrument to analyze rotational accuracy of highprecision bearings of machine tools under working conditions was developed. In this instrument, a high-precision (error motion < 0.15 μm) and high-stiffness (2600 N axial loading capacity) aerostatic spindle was applied to spin the test bearing. Operating conditions could be simulated effectively because of the large axial loading capacity. An air-cylinder, controlled by a proportional pressure regulator, was applied to drive an air-bearing subjected to non-contact and precise loaded axial forces. The measurement results on axial loading and rotation constraint with five remaining degrees of freedom were completely unconstrained and uninfluenced by the instrument's structure. Dual capacity displacement sensors with 10 nm resolution were applied to measure the error motion of the spindle using a double-probe error separation method. This enabled the separation of the spindle's error motion from the measurement results of the test bearing which were measured using two orthogonal laser displacement sensors with 5 nm resolution. Finally, a Lissajous figure was used to evaluate the non-repetitive run-out (NRRO) of the bearing at different axial forces and speeds. The measurement results at various axial loadings and speeds showed the standard deviations of the measurements' repeatability and accuracy were less than 1% and 2%. Future studies will analyze the relationship between geometrical errors and NRRO, such as the ball diameter differences of and the geometrical errors in the grooves of rings. © 2013 AIP Publishing LLC. [http://dx
I. INTRODUCTION
High-precision rolling element bearings are widely used in aerospace, high-precision machine tools, hard disk drives, and other complex mechanical systems. The rotational accuracy of bearings is a key factor that influences the performance of these machines. [1] [2] [3] In recent years, the working conditions of the bearings have become extremely severe as a result of the ever-increasing high demands in speed and precision. For example, in a super high-precision machine tool, the rotational accuracy of the main spindle has to be at multinanometer levels.
To obtain a high rotational accuracy, the non-repetitive run-out (NRRO) is, perhaps, a significant obstacle as it may cause many issues for high-precision devices. For example, work piece distortion during external surface machining 4 and off-track errors in a hard disk drive. 5 Experimental methods for NRRO measurement can be divided into two categories: in situ and off-line. [6] [7] [8] The measurement result obtained by the in situ method reflects the rotational accuracy performance of bearings under working conditions, but is disturbed by the dynamic interaction between the bearing and its surrounding structure and by the working environment. Compared with the in situ method, the off-line method can reliably isolate the environmental and structural effects. However, this a) Author to whom correspondence should be addressed. Electronic mail:
jhong@mail.xjtu.edu.cn method fails to evaluate the bearing performance under real working conditions. To facilitate the off-line method, an advanced instrument that has the ability to simulate real working conditions is required. To develop such an instrument was the main objective of this study. In past years, researchers have developed several significant instruments or items of equipment. Precision Devices, Inc. (PDI) Anderometer is one of the earliest commercial instruments, which characterize bearing performance over different frequency ranges in units dubbed Anderons. Bouchard, Lau, and Talke measured the asynchronous radial errors for both ball and fluid bearings by mounting the spindle on a vibration isolation table. 9 Okamoto developed an experimental system to qualitatively analyze the relationship between the geometrical errors of the components and the trajectory of the rotation center. However, the measurement accuracy and speed of the test bearings mentioned in the above studies were limited to a narrow range, because the test bearings were driven by a mechanical spindle and a contact displacement sensor was used. The error motion of a mechanical spindle is large, and the contact displacement sensor is unable to capture the high-frequency dynamic properties. 10 Noguchi and Kanada developed a measurement device to measure radial NRRO caused by waviness in the grooves of rings and diameter differences between balls. A highprecision aerostatic spindle that has much less error motion (less than 0.25 μm) was applied to drive the test bearings and a capacity displacement sensor was used to increase measurement accuracy. However the maximum axial loading was just 100 N which is insufficient to simulate the working condition of test bearings. 11, 12 Eric R. Marsh developed a bearing analyzer to measure the radial error motion of a high-speed bearing. A high-performance aerostatic spindle was used in this instrument. The speed of the spindle was more than 10 000 rpm (bearing pitch diameter [mm] x Maximum rotating speed [N/min] (dmn) is 335 000) and the radial error motion was less than 0.01 μm. However, even though the axial load was applied with a similar pin to minimize the transmission of off-axis loads to the bearing, the measurement results were still disturbed. In addition, the maximum loading capacity was only 100 N. 13, 14 To address the problems mentioned above, this study developed a nano-level instrument to analyze the rotational accuracy of rolling element bearings under precisely controlled loading conditions similar to real working environments. The advantages of this instrument are as follows:
(1) An aerostatic spindle that has high-precision (radial error motion < 0.15 μm) and high-stiffness (2600 N axial loading capacity at maximum) spins the inner ring of a test bearing with a loading capacity of 2000 N (nearly 20 times higher than previous measurement systems or instruments). (2) By using a replaceable mandrel, the bore diameter of the bearing was up to 100 mm and could be measured. The speed of the spindle was up to 3450 rpm, the value of dmn is close to 500 000 (nearly 2 times higher than previous measurement systems or instruments). (3) An air-cylinder connected to the air-bearing was used to load the axial force on the test bearing without contact. By doing so, the measurement result was not influenced by the test apparatus because the axial load and rotation constraint with the five remaining degrees of freedom were completely unconstrained. (4) There were two types of sensors for the measurement in this instrument. Laser displacement sensors with 5 nm resolution were applied to measure the rotational accuracy of the test bearings. Capacitive displacement sensors with 10 nm resolution were applied to measure the error motion of the aerostatic spindle using the double-probe error separation method. Error motion of the separate spindle was separated from the measurement results of the test bearing to ensure measurement accuracy at the nano-level.
Furthermore, the instrument can be expanded with more functions, for example, applying the loading in the radial direction without contact. More studies such as lubrication related issues can be conducted conveniently.
II. DESIGN DETAIL
An ultra-precision instrument for a rolling element bearing is described in this section. It is designed according to the standard: ISO 1132-2:2001 (Rolling bearings-TolerancesPart 2: Measuring and gauging principles and methods). 15 In this instrument, both axial force and rotational speed can be precisely adjusted from a low to a high level so that it is convenient to simulate bearings under working conditions. The NRRO of bearings at various axial loads and speeds were measured. Fig. 1 shows a block diagram of the instrument. This instrument has an aerostatic spindle that is fabricated by CSIC (China Shipbuilding Industry Corporation), Xi'an Dongfeng Instrument Factory according to our requirements. It is designed with high-precision and high-stiffness to support machine tools, and is driven by a servo motor. Its rotational speed is precisely controlled by a motion card. The air-cylinder connected with an air-bearing is used for loading axial force without contact.
When the motor drives the aerostatic spindle that connects with the inner ring of the test bearing, two orthogonal laser displacement sensors begin to measure the radial runout of the outer ring at an exact angular position. An encoder mounted at the bottom of the aerostatic spindle is used to control the angular position.
To improve measuring accuracy, the error motion of the aerostatic spindle is separated from the measurement results of the test bearings. However, the error motion of the aerostatic spindle is too small to be measured directly. Therefore, the double-probe error separation method is used to measure spindle error motion.
In this instrument, the error motions of the aerostatic spindle and test bearing are measured simultaneously using different sensors. The multi-channel data acquisition system is used to acquire the signals from laser and capacity displacement sensors. Matlab programs are then used to filter and separate the error motion of the spindle, and evaluate the rotational accuracy of the test bearings. A. Details of the design of the structure Fig. 2 shows the structural details of the instrument. The high-precision mandrel is mounted on top of the aerostatic spindle. It is used to support the test bearing and avoid affecting the accuracy of the aerostatic spindle during test bearing changing. There are three stages for assembling the test bearing and measuring the error motion of the aerostatic spindle. Sections A and B are used to assemble the test bearings of different sizes. Section C is used to measure the aerostatic spindle error motion. Each mandrel can be used to adapt the two series bearings. The test bearing is mounted on the mandrel. The outer ring is mounted on a cover, which has a highprecision top surface. The static air-pressure pad and cover make up an air-bearing. The high-pressure gas controlled by a proportional pressure regulator is then used to drive the air-cylinder to push the air-bearing to support the axial force loading .   FIG. 3 . The structure of the axial force loading system.
The air-pressure pad is connected to an air-cylinder (Festo DNC) by a spherical hinge which protects the gas film between the air-pressure pad and surface of the outer ring cover, to ensure axial loading stability. Thus the axial load and rotation constraint with the five remaining degrees of freedom are completely unconstrained and uninfluenced by the instrument. Furthermore, changing to a new outer ring cover can extend the radial non-contact loading function in the further. Fig. 3 shows the structure of the axial force loading system. This instrument allows testing at axial load forces up to 2600 N and radial load forces up to 750 N, and at speeds of up to 3450 rpm. Table I shows the specifications for this instrument. The inner bore diameter of the test bearing is up to 100 mm. The error motion of the aerostatic spindle is less than 0.15 μm when it operates up to 3450 rpm without loading. Fig. 4 shows a photograph of the instrument.
B. Arrangement of Sensors
There are two types of displacement sensors in this instrument. One is a capacitive displacement sensor, which has 8.5 kHz bandwidth, 500 μm measurement range and 10 nm dynamic resolution. The other is a laser displacement sensor, which has a 392 kHz sampling frequency, ±500 μm measurement range, 0.05% F.S linearity and 5 nm repeatability. Fig. 5 shows the arrangement of the sensors. There are three MICRO-EPSILON capacitive displacement sensors. Two capacitive sensors (#1 and #3) are set symmetrically around the mandrel for measuring the spindle error motion and geometrical errors of the mandrel using the double-probe error separation method. Because the linearity deviation of the two sensors is very important in the doubleprobe method, they must be highly linear. linearity deviations of the two sensors, which are very similar and meet the requirements for the double-probe error separation method. The data from #2 and #3 minus the geometrical errors of the mandrel then provide the run-out displacement of the spindle in two orthogonal directions. Two orthogonal KEYENCE laser displacement sensors are used to measure run-out displacement of the test bearing.
Finally, the rotational accuracy of the test bearing is calculated using the run-out displacements of the spindle and test bearing.
C. Data acquisition and processing
A Brüel & Kjaer multi-channel acquisition system is used to acquire the measurement data. This system has a 102. 4 Hz sampling rate and a 51.2 Hz bandwidth. The data processing can be divided into four steps. Fig. 7 shows the block diagram of data processing.
First, the data from the capacity sensors (#1 and #3) are used to quantify geometrical errors of the mandrel using the double-probe error separation method.
Second, the data from the two orthogonal capacity sensors (#2 and #3), minus the geometrical errors of the mandrel, are used to obtain the run-out displacement of the aerostatic spindle.
Third, the data from the laser sensors, minus the run-out displacement of the spindle, are used to quantify the run-out displacement of the test bearing in both orthogonal directions. Finally, a Lissajous figure is applied to evaluate the NRRO of the bearing under operating conditions. As shown in Fig. 8 , all the rotational behaviors of the axis are plotted one after another, and the radial widths of the lines are defined as the NRRO values.
The parametric equations of Lissajous are given by
where a, b are the amplitude of the radial run-out in the orthogonal directions, θ is the position angle and φ = π 2 , n = 1.
III. RESULTS AND DISCUSSION
To analyze the measurement repeatability and stability of this instrument, an angular contact rolling bearing ZYS 7014AC/P4 was chosen as the test bearing. Table II shows the measurement conditions. The displacement data was sampled and recorded in equal angular increments using a rotary encoder (HEIDENHAIN ERO1324) mounted on the bottom of the aerostatic spindle. In the results that follow, 512 revolutions were used in all computations.
IV. Measurement repeatability and stability of the aerostatic spindle
To research the measurement repeatability of the error motion of the aerostatic spindle, the measurements were taken at six speeds from 60 rpm to 1920 rpm for 512 revolutions under 500 N of axial loading, and eight times per speed. The double-probe method was then used to separate the error motion of the spindle and geometrical error of the measurement surface. Table III shows the separation results for the aerostatic spindle error motion. The standard deviation of the spindle error motion is less than 1% of the mean value. The measurement results with spindle speeds under 500 rpm were consistent, but increased as the speed increased above 500 rpm. Table IV shows the separation results for the measurement surface (mandrel) geometrical error. The separation results have a standard deviation of less than 1% of the mean value. To demonstrate the measurement accuracy, the roundness of the surface (mandrel) was measured using a roundness tester, producing a value of 0.692 μm, while the average value of roundness using this instrument was 0.678 μm. Therefore, the standard deviation was just 2%. These results show the double-probe error separation method is stable and accurate for this instrument. Table V shows the error motion of the aerostatic spindle at various axial forces and speeds. The results show the spindle error motion increased, with the speeds and loading, in a slow and stable manner. The performance of the spindle was satisfactory for driving the test bearing under high speed and large loading conditions.
A. Measurement repeatability of the instrument
In this section, we discuss the measurement repeatability of the instrument at various speeds. Table VI shows the data from measurements taken on a 7014 angular contact rolling bearing at speeds of 60 rpm to 1920 rpm for 512 revolutions under 500 N of axial loading. Table VI shows the NRRO of the rolling bearing under 500 N of axial loading. From the results, we concluded the standard deviation of the measurements' repeatability was less than 1%. The value of the NRRO increased as the speed increased. B. The Non-repetitive run-out of the rolling bearing at various axial forces and speeds Fig. 9 shows the NRRO of the bearing using a Lissajous figure. In the case of the 7014 angular contact rolling bearing, the value of NRRO was measured to analyze the rotational accuracy performance at various axial forces and speeds. Table VII shows the value of NRRO for the test bearing at various axial forces and speeds. The results show the value of the NRRO increased as the speed increased for the same axial force.
V. CONCLUSIONS
This study developed an ultra-precision instrument to analyze the rotational accuracy of rolling element bearings under precisely controlled axial loading. Using this instrument, the non-repeatable run-out (NRRO) of a bearing can be measured at different axial loadings and speeds. Furthermore, this instrument can be used to analyze the rotational accuracy of a new bearing, and reveal the relationship between geometrical errors and the NRRO. The features of this instrument are as follows:
r Uses an ultra-precision aerostatic spindle which has high-precision and high-stiffness to improve the instrument accuracy and loading capacity; the airbearing applies axial loading on the bearing without contact for simulated operating conditions. r The contradiction between the loading capacity and the rotational accuracy of an aerostatic spindle is solved using the error separation method. The error motion of an aerostatic spindle was measured and then removed from the measurement result of the test bearing.
r The measurement results for aerostatic spindle rotational accuracy at various axial loads show that the error motion of the aerostatic spindle is less than 0.15 μm, which is very stable when the axial force ranges from low to high at various rotating speeds.
r The measurement results for the test bearing show that the repeatability of this instrument was excellent (the standard deviation was less than 1%).
r The value of the NRRO increased as the speed increased for the same axial force.
In further studies, loading in the radial direction without contact will be expanded. The rotational accuracy of bearing under both axial and radial direction can be measured. More studies such as lubrication related issues can be conducted conveniently.
